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Efficacy of Thalamocortical
and Intracortical Synaptic Connections:
Quanta, Innervation, and Reliability
Somers et al., 1995; Ferster et al., 1996; Chung and
Ferster, 1998). The cellular mechanisms that generate
visual receptive fields are likely to be of general impor-
tance for understanding sensory processing. However,
almost nothing is known about the basic synaptic prop-
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Beer-Sheva 84105 erties that determine the relative efficacy of TC and IC
connections in any sensory system. Sensory processingIsrael
²Department of Neuroscience in the neocortex cannot be understood without charac-
terizing the specific physiology of its various types ofDivision of Biology and Medicine
Brown University synapses (Chance et al., 1998).
Using in vitro methods, we recently found that TC andProvidence, Rhode Island 02912
IC synapses have very different dynamics and sensitivi-
ties to neuromodulators (Gil et al., 1997), but more basic
questions remain. Central synapses vary widely in their
strength and reliability (Korn and Faber, 1991; MurthySummary
et al., 1997; Walmsley et al., 1998). What is the efficacy
of the synaptic connection between a thalamic relayThalamocortical (TC) synapses carry information into
the neocortex, but they are far outnumbered by excit- neuron and a cortical neuron, or between two cortical
neurons? Paired-cell or minimal-stimulation studies ofatory intracortical (IC) synapses. We measured the
synaptic properties that determine the efficacy of TC various IC connections have shown a broad range of
unitary excitatory postsynaptic potential (EPSP) ampli-and IC axons converging onto spiny neurons of layer
4 in the mouse somatosensory cortex. Quantal events tudes (e.g., Mason et al., 1991; Thomson et al., 1993;
Volgushev et al., 1995; Stratford et al., 1996). Markramfrom TC and IC synapses were indistinguishable. How-
ever, TC axons had, on average, about 3 times more et al. (1997) suggested that synapses between cortical
neurons of layer 5 possess a wide continuum of effica-release sites than IC axons, and the mean release
probability at TC synapses was about 1.5 times higher cies. The unitary properties of identified TC synapses
have not been studied. However, a relatively strong andthan that at IC synapses. Differences of innervation
ratio and release probability make the average TC con- invariant connection has been inferred (Stratford et al.,
1996), and extracellular cross-correlation studies in vivonection several times more effective than the average
IC connection, and may allow small numbers of TC suggest that TC connections are much stronger than IC
connections in the visual system (Tanaka, 1983) andaxons to dominate the activity of cortical layer 4 cells
during sensory inflow. perhaps also in the somatosensory system (Johnson
and Alloway, 1996).
We can define the mean efficacy of a synaptic connec-
tion between two neurons (E) as the amplitude of theIntroduction
unitary, single-axon response when activated at low fre-
quency. E is then determined by three parameters, suchThe neocortex receives sensory information from the
thalamus. Only about 5%±20% of the excitatory syn- that E 5 q´n´pr, where q is the mean quantal size (i.e.,
the amplitude of the postsynaptic response to a singleapses onto layer 4 neurons in the cortex are thalamocor-
tical (TC) (White and Keller, 1989; Peters and Payne, quantum of transmitter; Katz, 1969), n is the number of
release sites contributed by the presynaptic axon to1993). Most of the rest are intracortical (IC), originating
the postsynaptic cell, and pr is the mean probability ofmainly from neurons of the same layer and layer 6
transmitter release at each site. Here, we have used(McGuire et al., 1984; Ahmed et al., 1994). The sensory
the TC slice preparation (Agmon and Connors, 1991) toresponses of cortical neurons are determined by the
study the relative efficacies of TC and IC connectionsstrength and patterns of input from TC and IC synapses
onto layer 4 neurons. Our results imply that single-axonand by local inhibitory circuits. The relative importance
connections from thalamus to cortex are significantlyof each input to the construction of receptive field prop-
more effective than IC connections; although quantalerties in primary sensory areas of cortex is unclear. This
size is the same in the two tracts, TC connections haveissue has been intensively investigated for orientation
a higher innervation ratio and release probability thanselectivity in visual cortex. Some studies have con-
IC connections.cluded that spatially aligned TC inputs alone account
for orientation selectivity, while others suggest that re-
current IC circuits provide essential enhancement of Results
weak TC inputs (for discussions, see Hubel and Wiesel,
1962; Douglas et al., 1995; Reid and Alonso, 1995, 1996; Our basic strategy was to record from single spiny neu-
rons of the primary somatosensory (barrel) cortex in
vitro and independently measure the properties of TC
and IC inputs to each cell (Gil and Amitai, 1996; Gil et³ To whom correspondence should be addressed (e-mail: barry_
connors@brown.edu). al., 1997). The biocytin-stained cells we recovered (n 5
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Figure 1. Asynchronous Release Reveals that Quantal TC and IC EPSCs Have Similar Amplitude Distributions
All data from (A) through (J) were derived from the same neuron.
(A and D) Examples of voltage clamp recordings of unitary EPSCs from a single cell, evoked by shocks to TC and IC axons, while bathed in
Sr21 solution. Dots mark times of stimuli.
(B and E) Asynchronous EPSC amplitudes as a function of occurrence sequence, illustrating stability of amplitudes for .300 events. Horizontal
lines show the means.
(C and F) Amplitude histogram of the TC and IC asynchronous EPSCs. Histograms of background noise are displayed as insets.
(G) Spontaneous EPSCs in Sr21. Upper traces are four overlapped sweeps on the same time scale as (A) and (D). The lower two single traces
have a slower time scale, showing the low frequency of spontaneous events.
(H and I) Stability plot and amplitude histogram of the spontaneous events.
(J) Probability density functions of the amplitudes of TC (dotted line), IC (solid line), and spontaneous (dashed line) EPSCs. The three functions
show similar peaks and variances.
(K) Cumulative probability plot of asynchronous EPSCs evoked by TC (open squares) and IC (closed circles) pathways in all cells tested (n 5
7), showing no statistical difference (p . 0.3). Data points and bars are mean 6 SEM.
13) were small pyramidal cells or spiny stellate cells in mean efficacy of single TC connections was significantly
stronger than that of IC connections. The aim of ourlayer 4 or on the border between layers 3 and 4. Unless
otherwise noted, NMDA receptors were blocked and study was to determine the mechanisms for this differ-
ence in efficacy by estimating, in either absolute or rela-AMPA receptor±mediated excitatory postsynaptic cur-
rents (EPSCs) or EPSPs were recorded. As described tive terms, the quantal size, innervation ratio, and re-
lease probability for the TC and IC pathways.in detail below (Figure 7), under control conditions the
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Quantal Size of TC and IC Synapses (q)
The origins of spontaneous synaptic events in a cortical
neuron are usually unknown. To measure the quantal
size of TC and IC synapses selectively, it was necessary
to evoke quantal events in such a way that their origin
was identifiable. We used two different strategies: the
induction of asynchronous release and the reduction of
release probability.
Asynchronous Release in Sr 21
When extracellular Sr21 is substituted for Ca21, evoked
transmitter release becomes asynchronous and pro-
longed, and single quantal events can be seen in isola-
tion (Dodge et al., 1969; Abdul-Ghani et al., 1996; Oliet
et al., 1996). In the presence of Sr21, a single stimulus
to either TC or IC axons evoked a greatly increased
frequency of small-amplitude synaptic currents that
lasted for about 1 s (Figures 1A and 1D). We stimulated
each pathway at ,0.1 Hz and measured the amplitude
distributions of isolated EPSCs during the 10±400 ms
interval after each stimulus. The sizes of synaptic events
were stable over the duration of the sampling period,
as shown for a representative cell in Figures 1B and 1E,
and they were well above the current noise (insets to
Figures 1C, 1F, and 1I). The frequency of spontaneous
EPSCs (about 0.5±1 Hz) was at least one order of magni-
tude lower than that of evoked synaptic events under
the same conditions (Figure 1G). Thus, our samples of
TC and IC EPSCs were contaminated ,10% by sponta-
neous EPSCs. The amplitude distributions of TC and IC
EPSCs within a single neuron were very similar to each
other (Figures 1C and 1F) and to those of unidentified
spontaneous EPSCs (Figures 1G±1I). Figure 1J shows
the close similarity between the amplitude distributions
of TC, IC, and spontaneous EPSCs for a single cell.
Figure 2. Asynchronous TC and IC EPSPs Display Similar QuantalAmplitude distributions were well fit by single Gaussi-
Size Distributions in Sr21 Solutionans, apart from small tails at the large-amplitude end of
(A) Examples of current clamp recordings of asynchronous EPSPsthe distributions. The Gaussian fits of pooled data from
evoked by TC (upper traces) and IC (lower traces) stimulation in aseven neurons yielded TC and IC EPSC amplitudes of
single cell. Vm 5 270 mV.11.3 6 1.4 pA and 11.5 6 1.4 pA, respectively (p .
(B) Amplitude histograms of TC-evoked (hatched bars) and IC-
0.3). Figure 1K shows normalized cumulative probability evoked (closed bars) EPSPs in the same cell as in (A), showing very
distributions of EPSC amplitudes obtained from all neu- similar distributions.
rons; there was no statistical difference between the TC (C) Cumulative probability plot of TC (open squares) and IC (closed
circles) EPSPs from four cells recorded as in (A), showing no differ-and IC EPSCs. In addition, the time courses of TC and
ence between the two tracts (p . 0.3). Data points and bars areIC EPSCs were indistinguishable. Rise times were 1.8 6
mean 6 SEM.0.8 ms for IC and 1.8 6 0.7 ms for TC; decay time
constants were 26.1 6 12.1 ms for IC and 27.9 6 14.6
ms for TC (Figure 1). These kinetics are significantly
distributions to the TC and IC EPSP histograms impliedslower than those of the AMPA receptor±mediated
quantal sizes of 0.38 6 0.03 mV and 0.35 6 0.03 mV,EPSCs recorded by Stern et al. (1992) in layer 4 cortical
respectively (p . 0.3).neurons, so our currents may have been filtered by the
Reduced Release Probabilitydendrites, the electronics, or both. Nevertheless, this
To obtain an independent estimate of the size of singlefiltering appeared to be similar for TC and IC synapses.
TC and IC quanta, we used extracellular Cd21 to blockOur data suggest that the mean sizes and shapes of
the evoked entry of Ca21 into presynaptic terminals. Thisquantal events from TC and IC synapses are identical.
reduces release probability, leads to frequent failuresTo measure the unclamped quantal EPSP size, and
of synaptic transmission, and greatly increases theto help rule out the possibility that voltage clamp errors
chances that successful transmission consists of mini-selectively distorted the quantal size distribution of one
mally sized (presumed quantal) events. We added 10±20of the pathways, we repeated the Sr21 experiments un-
mM Cd21 to the perfusion solution and used low stimulusder current clamp conditions (Figure 2). Again, there
intensities (10±20 mA) to activate TC and IC axons. Underwas no difference between the TC and IC pathways.
these conditions, more than 70% of stimuli failed toThe amplitude histograms (Figure 2B) and cumulative
elicit a response, and EPSPs of successful stimuli wereprobability plots (Figure 2C) for EPSPs of both tracts
were very similar (n 5 4 neurons). The fits of Gaussian mostly quite small. Figures 3A±3C show examples of
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Figure 3. Low Release Probability Condi-
tions Yield Similar Quantal EPSP Sizes in TC
and IC Connections
Data were obtained from cells recorded in 10
mM Cd21-containing solution; (A) through (C)
were obtained from a single neuron.
(A) Amplitude histogram of TC-evoked EPSPs;
the line shows the sum of Gaussian functions
fitted to the amplitude histogram. Example
traces of successes and failures are dis-
played in the inset.
(B) Amplitude histogram of IC-evoked EPSPs.
(C) Amplitude histogram of spontaneous
EPSPs. Note the similarly sized peaks of TC,
IC, and spontaneous EPSPs. Gray bars are a
measurement of baseline noise.
(D) Cumulative probability plot of TC (open
squares) and IC (closed circles) EPSPs for all
cells recorded in Cd21 (n 5 5). Data points
and bars are mean 6 SEM.
TC, IC, and spontaneous EPSPs from a single cell; their 0.04 for IC synapses (see Gil et al., 1997). When the bath
[Ca] was raised to 3 mM and [Mg] was lowered to 1 mMamplitude histograms all have prominent peaks be-
tween 0.3 and 0.6 mV, and except for the TC EPSPs to increase pr, the paired-pulse ratio was 0.50 6 0.07
for TC and 0.52 6 0.13 for IC synapses (n 5 6). Thethere was a very low frequency of events larger than 1
mV. Fits of Gaussian functions to the amplitude distribu- reduced paired-pulse ratios imply that high [Ca]/[Mg]
medium increases pr in both pathways; the similaritytions of five neurons yielded very similar mean sizes for
the peak TC and IC EPSPs (0.37 6 0.03 mV and 0.37 6 between the TC and IC paired-pulse ratios further sug-
gests that differences of pr in the two pathways is insig-0.04 mV, respectively; Figures 3A and 3B). The cumula-
tive probability distributions were also very similar, ex- nificant under high [Ca]/[Mg] conditions.
Single axons of each pathway were activated usingcept that the TC pathway had substantially more large
events than the IC pathway (Figures 3A and 3D). a ªminimal-stimulationº protocol (Raastad et al., 1992;
Stevens and Wang, 1995; Dobrunz and Stevens, 1997;The results of the experiments in Cd21 and Sr21 were
quantitatively very similar, supporting the conclusion Isaac et al., 1997). Stimulation intensity was minimized
and adjusted to evoke all-or-none synaptic events thatthat the main peaks of the EPSC/P amplitude distribu-
tions represent estimates of quantal size for the two sets are presumed to originate from activation of a single
presynaptic axon. Figure 4A illustrates an example ofof synapses. Furthermore, the amplitude distributions of
TC and IC quanta were indistinguishable. The coefficient small, all-or-none EPSCs evoked by low-frequency TC
stimulation in one neuron. Increasing the stimulus inten-of variation (CV) of quantal EPSPs estimated with the two
methods was relatively small and also similar between sity gradually between 5.0 and 6.0 mA led to a reduction
in the failure rate without a change in the amplitude ofpathways: 0.26 and 0.23 for the TC and IC synapses,
respectively. Large synaptic events (presumably derived the EPSCs (Figure 4B). With stimulus intensity held at
5.8 mA, paired stimulus pulses (25 ms interval) resultedfrom multiple quanta) were commonly observed only in
the TC pathway, and only in the Cd21 experiments. in consistent failures of either the first or the second
EPSC, or both (data not shown; cf. Figures 4A and 5B).
These results are consistent with the hypothesis that aInnervation Ratio of TC and IC Axons (n)
The presence of some large TC EPSPs evoked with Cd21 single axon was being activated. The amplitude distribu-
tion histogram of EPSCs from this TC axon was notablyin the bath, but not with Sr21, suggests two possibilities:
(1) that TC axons have a higher innervation ratio than narrow (CV 5 0.07), was Gaussian in shape, had a single
peak at 11 pA, and failed on 20% of the trials (FigureIC axons, i.e., each TC axon provides more release sites
per postsynaptic neuron than each IC axon does; and 4C). The mean amplitude is very similar to the quantal
EPSC size estimated in the Sr21 experiments. We con-(2) that the mean release probability of TC synapses is
higher than that of IC synapses and remains relatively clude that this particular axon triggered a single release
site on the recorded cortical cell. However, the smallhigher in the presence of the Cd21. These are not mutu-
ally exclusive. To examine the first possibility, we esti- size and uniformity of minimal responses in this cell were
not characteristic of TC axons; other neurons showedmated the postsynaptic effect of activating single pre-
synaptic TC or IC axons, under conditions of enhanced larger and more variable responses to TC stimulation.
An example is shown in Figures 4D±4F, where minimalpr in order to minimize pr-dependent bias. When tested
in control medium containing 2 mM Ca21 and 2 mM stimulus intensities elicited all-or-none responses, a fail-
ure rate greater than 60%, and yet amplitudes that variedMg21, the paired-pulse ratio with a 50 ms interstimulus
interval was 0.68 6 0.02 for TC synapses and 0.95 6 between 8 and 190 pA.
Efficacy of Excitatory Connections in Neocortex
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Figure 4. Minimal Stimulation of TC Axons Elicits EPSCs of Variable Amplitude
(A±C) Recordings from one neuron showing all-or-none EPSCs, apparently from a single TC release site.
(A) Example traces (upper) and the average of 50 successive events (lower).
(B) Gradually increasing stimulus intensity between 5.0 and 6.0 mA caused a reduction in failure rate without changing EPSC amplitudes.
Arrow indicates the stimulus intensity used for collecting events for the amplitude histogram shown in (C).
(D±F) Data from another cell during minimal TC stimulation, showing examples of highly variable amplitudes (D), their stability over time (E),
and their amplitude histogram (F). Stimulus intensity in this cell was adjusted to give .60% failures.
When the minimal-stimulation protocol was applied evoked by TC stimulation was 18 times the quantal size
(190 pA; Figures 4D±4F). On average, the largest 5% ofto evoke IC responses, the amplitude distributions
tended to be smaller and less variable than those of TC the TC EPSCs were significantly bigger than the largest
IC-evoked EPSCs (n 5 11 neurons, 77.4 6 54.5 pA andresponses (see examples in Figures 5B and 5C). As a
measure of the EPSC amplitude variability generated by 24.8 6 8.8 pA for TC and IC, respectively; p , 0.005,
t test; Figure 6C). The means of all sampled EPSC ampli-the minimal responses in each cell, we calculated the
mean amplitude of the smallest and largest 5% of the tudes from TC (28.8 6 16.3 pA) and IC (16.2 6 7.0 pA)
pathways were also significantly different (p 5 0.02,sample distribution and the mean amplitudes (excluding
failures) of the entire sample. Data from TC and IC inputs n 5 11). The largest minimal-stimulation EPSCs for each
axon in high [Ca] solution are a conservative estimatewere compared. The smallest EPSCs from the two path-
ways were very similar to each other (9.1 6 1.7 pA for of the axon's maximal potency. If we divide the maximal
potency by our estimate of quantal size (q, about 11TC axons, 9.4 6 2.1 pA for IC axons, p . 0.6, n 5 11
neurons; Figure 6A) and just slightly smaller than the pA), we can approximate the number of release sites
per axon (n). Accordingly, n is estimated to be 7.0 6 4.9mean quantal size estimated in the Sr21 experiments.
(We expect the smallest minimal EPSC sizes to be less for TC axons and 2.2 6 0.8 for layer 4 IC axons.
To confirm that TC connections are stronger than ICthan the Sr21 estimate of quantal size, because the latter
is the mean amplitude of the sample distribution, connections under control ionic conditions, we repeated
the minimal-stimulation experiments in solutions con-whereas the former is derived from the smallest 5% of
responses in the sample.) The data are consistent with taining 2 mM [Ca] and 2 mM [Mg]. TC connections were
indeed significantly stronger: excluding failures, thethe hypothesis that the smallest of the minimal-stimula-
tion EPSCs are generated by single quanta of transmitter mean IC EPSC amplitude was 15.1 6 2.5 pA (n 5 11;
Figure 7A), and the mean TC EPSC amplitude was 40.1 6derived from single release sites, and they reinforce the
conclusion that TC and IC quanta are identical. 7.6 pA (n 5 5, p , 0.001; Figure 7B).
In contrast to the smallest minimal responses, there
was a marked difference between the two pathways Relative Release Probability of TC
and IC Synapses (pr)when the largest EPSCs were compared (Figure 6C). The
largest EPSC evoked from the IC pathway was about 4 TC and IC synapses differ in their short-term dynamicsÐ
during repetitive stimulation, TC synapses depresstimes the quantal size (48 pA), while the largest EPSC
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and 0.22, 0.16, and 0.18 at the second, third, and fourth,
respectively. The responses of another neuron during
paired IC stimulation (25 ms interval) are shown in Fig-
ures 5B and 5C. The probability of evoking an EPSC
with the first stimulus was 0.51, and when this occurred
the second stimulus invariably failed. When the first
stimulus failed, however, the second stimulus suc-
ceeded with a probability of 0.42. The amplitude distri-
butions of the first and second responses were very
similar (Figure 5C, inset). Only one TC connection and
three IC connections had the characteristics of single-
release sites, so more detailed comparisons between
pathways and neurons were not possible. However,
these results are consistent with the suggestion that
synaptic depression in TC and IC pathways is due pri-
marily to the decreased probability of transmitter release
from presynaptic terminals (Gil et al., 1997).
Since short-term depression is stronger for TC syn-
apses than IC synapses under control [Ca]/[Mg] condi-
tions, and a presynaptic mechanism is implicated, it
seemed likely that the average release probability (pr) is
higher at TC synapses than at IC synapses (Zucker,
1989; Debanne et al., 1996). To test this, we used an
indirect method to compare the relative pr of the two
types of synapses in single neurons (Hessler et al., 1993;
Rosenmund et al., 1993; Manabe and Nicoll, 1994): the
rate of blockade of NMDA receptor±mediated EPSCs
was measured during repetitive stimulation of TC and
IC pathways in the presence of the NMDA antagonist
MK-801. The method depends on the fact that NMDA
channels must first be opened before they can be
blocked by MK-801 and that the blockade is essentially
irreversible during the time of an experiment. When syn-
apses are activated at a constant frequency, the rate
of NMDA channel blockade depends on the average
probability of glutamate release. AMPA and GABAA re-
ceptors were blocked by DNQX (15 mM) and BMI (5 mM),
Figure 5. Short-Term Dynamics of Minimal TC and IC EPSCs respectively.
(A) All-or-none EPSCs evoked from a TC connection. Upper panel The basic properties of NMDA receptor±dependent
displays ten consecutive responses to a train of four stimuli at 20 Hz. EPSCs were evaluated for both the TC and IC pathways
Lower panel displays the average traces. Dots represent stimulation
in each cell. Voltage dependence was similar for each,times.
with negative slope conductance at holding potentials(B) All-or-none EPSCs evoked by an IC axon. Upper panel displays
more negative than 220 mV and only very small currentseight consecutive responses to paired pulses at 50 Hz. Lower panel
displays the average of the traces above. below 240 mV (Figures 8A and 8B). Increasing the stimu-
(C) The amplitude of the first IC EPSC (A1) plotted against the ampli- lus intensity resulted in larger amplitudes but did not
tude of the second EPSC (A2); data are from the cell in (B). The change the voltage sensitivity of the EPSCs (data not
inset displays amplitude histograms of A1 (continuous line) and A2 shown). We did not observe any NMDA EPSCs with
(dotted line). Although the peak amplitude of the first and second
substantially less voltage dependence in either the ICresponses were very similar, the failure rate of A2 was significantly
or the TC pathway, as recently described for intra±layerhigher and depended on the success of A1.
4 synapses within neocortex (Fleidervish et al., 1998).
The time courses of NMDA EPSCs in TC and IC path-
strongly, while IC synapses tend either to depress mod- ways were indistinguishable (the decay time constants
erately or to facilitate weakly (see above; see also Gil were 78 6 30 ms for TC and 72 6 25 ms for IC at 140
et al., 1997). Depression in both pathways was evident mV, 51 6 14 ms for TC and 55 6 13 ms for IC at 220
under conditions of minimal stimulation during trains of mV, mean 6 SEM, n 5 18 neurons). NMDA EPSC decay
two to four shocks (at 20±50 Hz), and the results imply time constants varied more than 3-fold across neurons,
presynaptic involvement. Figures 5A and 5B illustrate and Figure 8C shows the strong correlation between
data from connections with possible single-release sites values from TC and IC responses obtained from the
(recorded under high [Ca]/[Mg] conditions); during trains same cells (r 5 0.74, n 5 17 neurons).
to either the TC or the IC pathways, the failure rates of Holding potentials were subsequently kept at 140 mV
later stimuli were higher than those of the first stimulus, and each pathway was stimulated alternately at 0.1 Hz.
while the mean amplitude of successful EPSCs re- After establishing a stable baseline, stimulation was
mained constant through the trains. For the TC axon in stopped, MK-801 (40 mM) was added to the bath, and
stimulation was resumed 10 min later. NMDA EPSCsFigure 5A, the success rate was 0.87 at the first pulse
Efficacy of Excitatory Connections in Neocortex
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Figure 6. Summary of TC and IC Minimal
Stimulation Results
Data are presented as box plots: the boxes
delimit the 25th to 75th percentiles, the hori-
zontal lines in the boxes plot the medians,
the dots plot the average, and the vertical
lines delimit the 5th to 95th percentiles (n 5
11).
(A) The smallest evoked TC and IC EPSCs
show similar amplitudes (p . 0.6). For each
cell, the lowest 5% of the samples were aver-
aged to obtain an estimate of ªsmallest
EPSCsº.
(B) The mean amplitudes of TC and IC EPSCs
(excluding failures) are significantly different
(p 5 0.02).
(C) The largest TC EPSCs were significantly
bigger than the largest IC EPSCs (p , 0.01).
For each cell, the biggest 5% of the samples
were averaged to obtain an estimate of
ªlargest EPSCsº.
from both pathways decayed progressively with re- rates. We conclude that the pathway-specific difference
in the blockade rate of NMDA currents under normalpeated stimuli (Figure 9A). There were often residual
EPSCs of up to 20% of control amplitude that were not ionic conditions was caused by the difference in the pr
of the two synapse types.blocked by MK-801 even after long periods of stimula-
tion; residual EPSCs are commonly seen in MK-801 Estimating absolute values of pr from the rate of MK-
801 blockade requires a priori knowledge about the formstudies (e.g., Hessler et al., 1993; Manabe and Nicoll,
1994) and are blocked by APV (cf. Reid et al., 1997). of the distribution function of pr in each population of
synapses (Huang and Stevens, 1997), and we did notBoth TC and IC pathways were also tested with paired
stimuli (25 ms interval) before MK-801 and after the attempt to estimate these distributions. Regardless, our
data clearly imply that the average pr of TC synapses100th stimulus in the presence of the drug. In control
conditions, TC connections were strongly depressing
while IC connections were slightly facilitating (paired-
pulse ratio was 0.68 6 0.06 for TC and 1.19 6 0.19
for IC, p , 0.04), and both pathways became strongly
facilitating after partial blockade by the drug (paired-
pulse ratio was 1.68 6 0.33 for TC and 2.28 6 0.36 for
IC, controls versus MK-801, p , 0.005; Figure 9B). This
change in the paired-pulse effect is consistent with each
population of synapses having a range of pr values
(Huang and Stevens, 1997). MK-801 blocks synapses
with highest pr fastest, so that by the 100th stimulus the
unblocked population becomes enriched in facilitating
synapses with low pr.
The blockade rates of single-shock EPSCs were sig-
nificantly faster for the TC synapses than for the IC
synapses (Figures 9C and 9D). The trend is also clear
in the single-neuron results, where TC NMDA EPSCs
were blocked faster than IC NMDA EPSCs in 9 of the
11 neurons. When data from all neurons under control
ionic conditions were pooled, the average number of
stimuli necessary to reach half amplitude was 27 6 16
for the TC pathway and 41 6 27 for the IC pathway
(p , 0.01; Figure 9E). This pathway-specific difference
in decay rates disappeared when MK-801 experiments
were conducted in a medium containing 3 mM [Ca] and Figure 7. Efficacy of TC and IC Axons Using Minimal Stimulation
under Control Conditions of [Ca] and [Mg]1 mM [Mg]. Under these conditions, the average number
of stimuli required to reach half amplitude was 11.1 6 (A) Recordings from a neuron showing all-or-none EPSCs in re-
sponse to IC stimulation. Example traces shown on the left panel.6.3 and 11.6 6 4.6 for TC and IC synapses, respectively
The amplitude distribution histogram (right panel) shows two peaks(n 5 4), implying that high [Ca] both increased and nor-
at about 12 pA and 21 pA, suggesting two release sites.malized pr in the two pathways. This result makes it (B) Data from another cell during typical minimal TC stimulation,
unlikely that differences in the magnitude of the gluta- showing larger and more variable amplitude responses than in most
mate concentration transient in the clefts of the TC and IC connections. Stimulus intensity in both cells was adjusted to give
.60% failures.IC synapses account for the different MK-801 decay
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axon, and (3) the mean release probability (pr) of TC
synapses is roughly 1.5 times higher than that of IC
synapses. Using the simple relation between efficacy
and parameters of innervation, release probability, and
quantal size, E 5 q´n´pr, we can predict that each con-
nection from a thalamic neuron to a layer 4 cortical
neuron is, on average, about 4.8 times more effective
than the connection between two cortical neurons. This
provides a possible cellular mechanism for the observa-
tion, based on cross-correlation of spikes, that TC con-
nections are about 10-fold more effective than IC con-
nections in the cat visual system (Toyama et al., 1981;
Tanaka, 1983; Reid and Alonso, 1996).
An alternative measure of single-axon efficacy could,
in principle, be derived from minimal-stimulation experi-
ments. Indeed, we found that the mean amplitude of TC
responses under normal ionic conditions was about 2.6
times larger than that of IC responses. This ratio is close
to the one reported by Stratford et al. (1996) for sus-
pected TC connections and identified IC connections
but smaller than the efficacy ratio we calculated in the
preceding paragraph. At least one reason for this dis-
crepancy is that there is no definitive way to distinguish
failures of axonal activation from failures of transmitter
release in minimal-stimulation experiments. Accord-
ingly, the mean response amplitudes that we and Strat-
ford et al. (1996) calculated were derived from success-
ful events only; since pr is higher in TC than in IC
synapses, the ratios obtained from minimal stimulation
underestimate the efficacy difference between TC and
IC connections.
It is unlikely that synapse position, and resulting elec-
trotonic differences, differentially distorted our mea-
surements of TC and IC synapse properties. About 80%
of the neurons in layer 4 of mouse cortex are small spiny
stellate or pyramidal cells, and our stained cells were
all small spiny types. Modeling suggests that these cells
Figure 8. NMDA EPSCs from TC and IC Synapses Are Identical are electrotonically very compact (Segev et al., 1995). TC
(A) NMDA EPSCs were recorded with GABAA and AMPA receptors synapses constitute about 10%±20% of the excitatory
blocked. TC and IC responses were evoked at various holding po-
synapses onto spiny layer 4 cells, but there is no evi-tentials between 260 mV and 140 mV, as indicated.
dence that TC and IC synapses are distributed differ-(B) Voltage dependence of NMDA EPSCs from IC and TC synapses
ently along the dendrites (White and Keller, 1989). Fi-is indistinguishable. The graph shows pooled data from 20 neurons.
Response amplitudes of TC and IC responses were adjusted to be nally, errors arising from electrotonic properties are
similar at 120 mV by varying the stimulus intensity. more severe for voltage clamp than for current clamp
(C) Decay time constants of NMDA EPSCs varied widely across measurements (Jack et al., 1994), yet our estimates of
cells but were similar for TC and IC responses within cells. Each quantal sizes under both clamp modes gave identical
point represents data from one neuron (n 5 17).
results for TC and IC events.
We estimated that quantal size for both TC and IC
synapses is about 11 pA at a membrane potential of
is higher than that of IC synapses. Since the MK-801 260 mV, yielding a peak quantal chord conductance
blockade rate is inversely proportional to pr (Hessler of about 180 pS. In unclamped, Cs1-filled neurons the
et al., 1993; Rosenmund et al., 1993), then to a first quantal size was about 0.4 mV. Our results are similar
approximation pr(TC) is on average about 1.5 times higher to the quantal size of 10 pA (at 270 mV) estimated by
than pr(IC). Stern et al. (1992) for IC synapses in layer 4 nonpyramidal
neurons of rat visual cortex, and they are in the same
Discussion range as estimates made from other types of neocortical
neurons and unidentified synapses (Hestrin, 1992; Vol-
Our results show that the efficacy of TC connections is gushev et al., 1995; Buhl et al., 1997; Isaac et al., 1997;
substantially higher than that of IC connections within Turrigiano et al., 1998). Our amplitude estimates may
layer 4. There seem to be both anatomical and physio- have been slightly distorted by the methods we used.
logical reasons for this difference: (1) TC and IC syn- The EPSC kinetics we measured are slower than pre-
apses generate the same distributions of quantal size viously reported (e.g., Stern et al., 1992), probably due
(q) and shape, but (2) the average TC axon contributes to filtering by our recording system. EPSPs in our experi-
ments may have been boosted because Cs1 blocked3.2 times more release sites (n) than the average IC
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Figure 9. TC Synapses Have Higher Release Probability Than IC Synapses
(A) The amplitudes of NMDA receptor±dependent TC and IC EPSCs decrease gradually during repetitive stimulation in the presence of 40
mM MK-801. Shown are four traces each; stimulus sequence numbers are to the left. The holding potential was 140 mV.
(B) Paired-pulse stimuli elicited depression of NMDA receptor±dependent TC and IC EPSCs before the addition of MK-801 (upper traces),
but responses showed facilitation by the time of the 100th stimulus in the presence of the drug (lower traces).
(C) Summary data showing progressive blockade of NMDA EPSCs by MK-801 in all cells tested (n 5 11). TC EPSCs (open squares) decayed
faster than IC EPSCs (closed circles). Data points and bars are mean 6 SEM, and best-fit biexponential functions are superimposed.
(D) Same data as in (C), plotted as amplitudes of IC NMDA EPSCs against TC NMDA EPSCs. The response to the first stimulation of the two
pathways is represented by the point at (1,1), and the reference line has a slope of 1.
(E) The MK-801-induced half-decay times, in terms of stimulus number, plotted for the TC and IC EPSCs of each of the 11 neurons tested.
The corresponding values for individual cells (open circles) are connected with lines, and the mean 6 SEM half-decay times for IC (left) and
TC (right) are represented by closed triangles.
outward intrinsic currents. However, both distortions are with a mean of about 7) suggests a wide range for the
number of release sites between thalamic and layer 4likely to have affected the TC and IC pathways similarly.
We can place high confidence in our conclusion that neurons. For n of IC connections, we estimated a range
of 1±4, with a mean of 2.2. To our knowledge, no anatom-TC and IC quantal sizes are similar, since comparable
results were obtained from several independent mea- ical study has directly measured the number of synaptic
contacts between a single thalamic relay cell and onesures: evoked, pathway-specific responses in Sr21 and
in Cd21, spontaneous EPSCs in the same media, and cortical neuron, nor between neurons of layer 4. For
comparison, very closely spaced, synaptically intercon-the smallest minimal evoked responses in high [Ca]/[Mg]
medium. The results suggest that all major types of nected pyramidal cells in layer 5 make from 2 to 8 synap-
tic contacts (Deuchars et al., 1995; Markram et al., 1997).excitatory synaptic release sites on layer 4 neurons,
regardless of presynaptic source, contribute similar There are several potential sources of bias in our esti-
mates of n. First, because the slicing procedure removesquantal size distributions.
Our results suggest that the average TC axon provides some axonal branches, n for both pathways could be
underestimated. Second, extracellular stimulation tendsmore release sites on a layer 4 neuron than do most IC
axons. It is not possible to give full structural meaning to select for larger diameter axons (Swadlow, 1998),
which might have more release sites than thinner axons.to this conclusion. In some central systems, a release
site seems to be anatomically equivalent to a synapse This would probably influence measurements of IC ax-
ons most; while TC (ventral posterior medial nucleus ofactive zone (e.g., Korn et al., 1981; Walmsley, 1991;
Gulyas et al., 1993; Schikorski and Stevens, 1997). Inter- the thalamus or VPM) axons are myelinated and have a
relatively low threshold for activation, most IC axons areestingly, about 90% of synapses in the neocortex have
only one active zone each (Calverley and Jones, 1990; unmyelinated, though some are larger and myelinated
(Keller, 1995). Third, if pr were different for IC and TCPeters and Harriman, 1990); single TC terminals in rat
somatosensory cortex often have multiple active zones, terminals, then our minimal-stimulation paradigm would
tend to select for the pathway with the higher pr. How-while IC synapses do not (Kharazia and Weinberg, 1994).
Our physiological estimate of the TC n (from 1 to 18, ever, we used high [Ca]/[Mg] solutions both to increase
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pr and to equalize it between pathways. Fourth, because pr(TC) and pr(IC) may be even larger in vivo, where ambient
pr is ,1, even under conditions of high release, esti- activation of GABAergic and cholinergic receptors is
mates of n for connections with the most release sites higher than in a slice.
will be selectively underestimated. Assuming uniform The sparseness of TC boutons in layer 4 seems to
and independent pr, the probability of all sites releasing imply that the connections from thalamus are relatively
on a single trial (pall) is simply pall 5 (pr)n. We do not weak. But TC connections may be more reliable and
know the absolute values of pr, although our one TC potent than simple bouton numbers suggest, thanks
single-release site (Figures 4A±4C) suggested it was perhaps to the high pr and multiple release sites allowed
high (pr ≈ 0.8). More conservatively, if mean pr is equal by their large terminal size. The effectiveness of the TC
to 0.5 and n is equal to 7 (i.e., our estimate of n for the pathway is also subject to other factors, such as the
average TC axon), then pall equals z0.008. In this case, precise alignment of thalamic axons and cortical targets
our sample sizes would yield a reasonable estimate of (Reid and Alonso, 1995; Ferster et al., 1996), the control
n for many TC and IC axons but would underestimate of feedforward inhibition in the cortex (Simons and
n for the most highly connected TC axons. As pr falls, Carvell, 1989; Agmon and Connors, 1992; Simons, 1995;
the calculated n for most TC axons is increasingly under- Swadlow, 1995; Gil and Amitai, 1996), and the recruit-
estimated; however, axons with small numbers of re- ment of recurrent IC excitatory circuits (Kyriazi and Si-
lease sites remain well estimated. For example, if n is mons, 1993; Douglas et al., 1995; Castro-Alamancos and
equal to 2 (i.e., our estimate for the average IC axon) Connors, 1996). There is strong evidence that patterns
and pr is as low as 0.2, then pall equals 0.04, giving of TC connections are a primary determinant of some
us an excellent chance of measuring maximal potency. receptive field properties of neurons in visual cortex
Thus, the difference in n between TC versus IC axons (Hubel and Wiesel, 1962; Ferster et al., 1996; Reid and
may actually be larger than our estimates imply. Alonso, 1996). The relatively high efficacy of TC connec-
TC synapses seem to have a higher average pr than tions may be one of the reasons that aligned axons from
IC synapses in control solution, as suggested by their the lateral geniculate nucleus can strongly drive cortical
more prominent short-term depression (Gil et al., 1997) neurons in layer 4 in an orientation-selective manner.
and, more definitively, by the results of our MK-801 ex- The relative strength of TC connections compared to IC
periments. The stronger short-term depression of TC connections is likely to be a key factor in other forms
synapses is likely to be the result of their higher pr (cf. of cortical processing as well.
Debanne et al., 1996; Castro-Alamancos and Connors,
1997; Murthy et al., 1997). Both synapse populations
Experimental Procedures
may have widely varying pr values, as suggested by the
change in paired-pulse ratio during exposure to MK- Preparation
801 (Figure 9B). For comparison, estimates of pr for TC slices, 450 mm thick, were prepared as described previously
(Agmon and Connors, 1991; Gil and Amitai, 1996). Briefly, 2- tohippocampal synapses varied between 0.05 and 0.9 (Do-
3-week-old albino mice (CD/1) were anesthetized with pentobarbitalbrunz and Stevens, 1997; Murthy et al., 1997). The struc-
sodium and decapitated, and their brains were quickly immersedture of TC and IC synaptic terminals is consistent with
in ice-cold oxygenated artificial cerebrospinal fluid (ACSF) com-our physiological data. In general, the volume of a pre-
posed of (in mM): 124 NaCl, 3 KCl, 2 MgSO4, 1.25 NaHPO4, 2 CaCl2,synaptic terminal correlates with the size and number 26 NaHCO3, and 10 dextrose, saturated with 95% O2/5% CO2 (pH
of its active zones and docked vesicles and probably 7.4, 310 mOsm). TC slices were cut on a vibratome (Campden In-
also correlates with its pr (Korn and Faber, 1991; Pierce struments) and placed in a holding chamber that contained ACSF
at room temperature for at least 1 hr. The recording chamber main-and Lewin, 1994; Schikorski and Stevens, 1997). Ultra-
tained the slices at the fluid±gas interface at a temperaturestructural studies show that TC terminals are signifi-
of 278C±288C.cantly larger than IC terminals in rat somatosensory cor-
tex (Kharazia and Weinberg, 1994) and in the visual
Stimulation, Recording, and Drugscortex (Ahmed et al., 1994). Unidentified synaptic events
Whole-cell recordings were made from layer 4 neurons in the barrelwith characteristics similar to TC responses (unusually
field. Patch recording micropipettes (4 MV) were filled with a solutionlarge size and strong depression) have been observed containing (in mM) 125 Cs gluconate, 2 MgCl2, 6 CsCl, 10 HEPES
in neurons of the visual cortex of rats (Volgushev et al., and 1 QX-314 (pH 7.2, 280 mOsm). Voltages or currents were re-
1995) and cats (Stratford et al., 1996), so our results may corded with a patch clamp amplifier (Axon Instruments), low-pass
be generally applicable to sensory neocortex. filtered at 2±5 kHz, and digitally sampled at 5±10 kHz. Series resis-
tance was typically ,15 MV. In general, resting potential was heldThe efficacy of a cortical connection is not fixed. Both
at 260 mV under voltage clamp. Cs1-filled electrodes were used inTC (Crair and Malenka, 1995; Isaac et al., 1997) and
current clamp experiments in order to improve the visibility of smallsome IC connections (Bear and Malenka, 1994) express
postsynaptic events, and in these cases resting potential was main-
activity-dependent long-term potentiation and depres- tained by injecting small, steady hyperpolarizing currents. One bipo-
sion, and both pre- and postsynaptic mechanisms have lar stimulating electrode was placed in layer 4 at least 0.5 mm medial
been implicated. TC and IC synapses are also subject to the recording area, to activate local horizontal IC fibers, while
to short-term frequency-dependent changes in efficacy. minimizing the activation of ascending TC fibers. The other stimulat-
ing electrode was placed in the ventrobasal nucleus of the thalamus.In addition, we found that activating presynaptic GABAB
The two pathways were stimulated alternately, typically every 5 sreceptors selectively depresses IC synapses, while the
(0.1 Hz for each pathway), using pulses of 100±200 ms and aboutefficacy of TC synapses is selectively enhanced by acti-
50 mA.
vating presynaptic nicotinic acetylcholine receptors (Gil Recordings were made from neurons in the region that generated
et al., 1997). These presynaptic effects also alter the the largest field potential response to thalamic stimulation, and
short-term dynamics of the synapses and presumably EPSPs or EPSCs were judged to be monosynaptic using criteria of
short latency and stable, monophasic time course (for details, seeare mediated by changes in pr. The difference between
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